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This work has been concerned with the measure-
ment and analysis of the electro—optical propertles
of thin films of indium tin oxide deposited by lon-
beam sputtering. In the present pontext the prinel-
pal use of thess filma ls for window layer aclar
celis and it i3 necessary "> have an acourate know-
ledge of the optieal and electriea. propertles, and
their dependence on depoasition conditions, to enable
realistic predictions of the internal quantum effi-
clency to be made. We have measured the propertles
of filma as a function of deposition rats, partial
pressure of oxygen in the spultering gas, and
anneallng temperdture, The propertles studled are
the wvarlation with wavelength of fthe optical con-
stants, the Hall mobility, the film strueture and
compasition.

The compositional data (XPS) suggest that heat
treatment causes the Sn to substitute for In atoms,
and hence to act as singly ionized donora. Films
deposited in a low partial pressure of oxygen also
have double ionized oxygen vacancies. Estimates of
the free carrier density have been made using XPS
measurements of the 3n content and the atomio defl-
ciericy of oxygen. Comparison with the measured
values glwves reasonable agreement. Fllms deposited
in a relatively high partial presaure of oxygen show
a very low earrier concentration before heat treat-
ment. However, in this case also, heabting to about
350-400”C causes an increase in the free carrier
concentration to about the same level as for Cilms
with a& near stolichlometric oxygen econtent, Thisa
demonstrates the role of excess oxygen as an elec-
tron trap.
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Oxygen deficient films which have not been
annealed exhiblt a mobllity which appears to be
limited by gralin '‘boundary and lonized impurity scat-
tering. After annealing (and the conseguent grain
growth) the mobllity Is limlted only by lonized
impurity ascattering. Oxygen rich films which have
not been annealed exhibit a mobility which Ia
limited only by graln boundary scattering. After
annealing, these alsoc are limited by lonlzed Impuri=
ties only. The mwinimum reszistivity achlevable
therefore appears to depend upon the unavoldable
interaction’ between carrier concentration and mobl-
1ity.

From the optical data it 1is shown that the
optieal gap wvaries with the fres carrier conventra-
tion according to the Moss-Burstein effect. In the
near IR, the films exhibit a plasma absorption edge
ln accordance with the Drude free carrier model.

Incium Tin Oxide, Ion Beam Sputtered, Electro-
Optical Properties

Introduction

The famlly of tranaparent ¢onductors, partlcularly indium-tin oxide
(ITO), has found widespread application in recent years and a large
volume of literature has ensued. For a general overview of the tople,
the recent revied of Chopra et al (1) is recommended. Both single
crystals and thin“?llm& haye been Investigated and one of the major
interests has been to achleve electronic mobilitles in thin films as
large aa those in single crystals, The explanatlons of the difference
in mobility involve various mechanisms, such as ionized Impurity (2},
electron/electron (3}, and grain boundary (4}, seattering.although only
the latter would be specific to thin films., As we shall see later, the
electronic mean free path i3 usually gomparable with the typical grain
size for unannealed films and we would thepafore expect graln boundaries
Lo play a significant role.

The films have been depasiteﬂ by a wide range of techniques and
nave exhiblted remarkably similar properties even though- there are
several fabrication parameters to which the properties would be expected.
to be sensitive [substrate Lemperature, oxygen partlal pressure, post-
deposition annealing, source composition, being the most commonly invea-
tigated}. Likewlse, the variatlon of many physical properties with the
fabrication parameters has been studied aéd models of the electronlo
structure have been developed, MNevertheless, a thorough understanding
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‘or the materlal does not exlsat and the reasons for the exlatence of a
lower limit to the resistivity are not at all obvious. For some appli-

4 fg-em ia not

catisna, e.g. displays, the lower limit of about 10
problematlie but for window-layer solar cells 11;_ i3 highly desirable to
minimize the sheet resistance since thias leads to a reduction of the
grid shadowlng losa. However,.lt ({3 alsoc vital that the optlcal trans-
mittance is maximized and the trade-off between these factors has led to
the 'figure-of-merit' (5) concept., Whilst this may be of value for
cartaln applications, it 1a not really useful If one i{s attempting to
model the variatlon of the quantum efficlency of a solar cell with
wavelength. In thls case the variation of the optical constanta N{1}
and k(A) {3 required to be known so that the number of photons dctually
transmitted into the active -semiconductor can be caloculated. Thias is
vital If accurate device modelling ‘is to be performed. For example, 1t
ls known that the optical gap of ITO varies with the density of f[ree
carriers through the Moss-Bursteln effect, and it is necessary to deter-
mine whether the short wavelengbth cut-off of devices utllizing ITO
window layers (e.g., ITO/InP, ITO/Si) is due to absorption in the ITO or
to near surface effects In the absorber. There ls also evidence of
optical inhomogeneity {6) in the thickness of films which could impair
performance of dolar j:e_ila and lead to complications Lln the "calculation
of optiecal losses, Finally, LInstabllities In the opto-electronic
properties have been observed and these are tlearly undesireable from
the polnt-of-view of the solar cell designer. In previcus studies on RF
sputtered ITO/InP cella (7), we have pointed out that the highest values
of open-clrcult voltage are achleved when the deposition rate of the ITO
is extremely alow (0.2-0.3 A& aﬁ1} and the subatrates are not heated
above 150°C bpefore, durlng or after deposition. These are unuaua.}
constraints on the depoaition parameters and part of our objective of
undertaking the present study was to determine thelir influence on H(1),
k(A), the sheet reslstance (R,), and the film stability, with a vies to
improving device performance. Additionally, as part of a continuing
study on the nature of the ITO/InP cell (8), we are depositing the ITO
by ion-beam sputtering and detailed information on ITO prepared in this
way 1s not readily avallable.

Hence, to summarize, our objectives Iin undertaking this work were

as Tollowa:
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i) To determine the optleal and electrleal characteristles of lon-
beam aputterad ITD, deposited at the very slow rates used In
the fabricatlion of certaln devices.

11) To .contribute to the volume of information on the fundamental
properties of ITO: and, in particulan, to investigate the role
af £in

111) .To determine the nature of the scablering processes responsible
for limiting electron mobilities and placing a lower limit of
about IG'" fi-cm on resiativity.

Ta help elucldate theae issues we have measured Lthe Hall mobility,
carrier density, diaperalon of N and k, and the optlecal Zap: assessment
of 'the crystallinity has been made using X-ray diffractlon, of the
atructure: by electron mlcroacopy and of the composition using X-ray
photo-elecktron -apectroscopy (XPS) and Mdsabauee spectroscopy. These
measurements have bgen made on [llms deposited at btwo rates, &alx

different partial presaures of oxygen, dang six annealing temperatures.

Experimental

The f(ilms were depoaited in a Perkin-Elmer ULTEK ion-beam 3put-
tering syatem which could achlieve a base pressure ln the range of 9
8x10°7 torr using an Air Products cryo-pump (Model HV-202-6). After
achleving the base pressure, the syatem was pack-fllled with ultra-pure
argon (Linde Specialty Gases) toc a preasure of 12107 torn. A con-
trolled amount of oxygen (Electronic Grade, Seientific Gas Products) was
then added to produce the deslred partlal pressure {PQEJ. Then, with
the subdtrate facing away from the target (91 m/fo Inzﬂg; g m/o 5n0,,
aupplied by MRC Inec,, 5" dlameter) the latter was pre-sputtered for 15
minutes under the same ion-beam parameters and the same oxygen partial

pressure as used for the subsequent flilm deposition.

TWo typas of substrates were used in this work; for the optical,
electrlical, and X-ray diffractlon analyses, Commerclal Quallty Quartz
(Co-Quartz, supplied by ESCO Inc.) was used; for ellipsometric and XPS
analyses, the substrates were single orystal silicon. In each deposi-
tion, 8 substrates were used (O sillcon and 2 quartz). The slllcon was
cleaved and ulbtrasonically degreased in ﬁrichlnrcethylene, acebone and
{sopropyl aleohol <{all semlconductor grade organics). It was then

eteched by standard procedures using a solutlion of 5H,50,:1H.0, followed
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by rinalng in 18 Mega-Ohm deionlzed water. Finally, It was etohed in a
solution eof 1HF:1H,0 and blown dry with ultra high purity Nitrogen gas
Immediately before loading Into the deposition system. The quartz
substrates were similarly degreased and blown dry. All 8 aypstrates
were held in a single holder which was rotated parallel 80 gs tn fane
the target after the latter had been pre-sputiered. Deposition was
performed uslng an accelerating voltage, ?bf of 800 V and m beam
current, I, of 30 mA (0.2-0.4 & s71) or Vyp = 1200V, I, = 50 ma (0.6 -
0.9 & 3_1]. A thermocouple was used te monitor the approximate sub-
atrate temperature during depesitlon and 1t was found that this dig not
exceed 50YC. The film thickness aldays lay Iln the range of g5p-750 A,
depending on the oxygen partial pressure, After coollng and pemoval
from the vacuum system, one of the films on a silicon substrata was used
for thickness measurement, This was done by ellipsometry using a Rudolf
Research Ellipsometer, at a wavelength of 6328 A. To make this peasure-
ment, it was necessary to assume a value of Kk at this wavelength, This
was taken as 0.005, altheugh later measurements by spectrophotometry
demonstrated some variation depending on the preparation cond{tions.
However, the error caused in the thickness and the real part of the
refractive index, N, is neglibible in thia reglon of the spectrym whers
the flims are essentlally non-absorbing. For measurement of tha free
carrier density, n, and-mobility, u, a Hall probe was used and gontact
to cne of the ITO fllms on quartz was made with Indium Wire prassure
contacts, The flux density of the magnet was 5 k Gauss. n ang i were
measured before each heat treatment atep (see below). A Beckpann Spec-
trophotometer (Model No, 5240) was used to measure the reflestance at
the air/ITO and alr/quartz interfaces, and the total transmittanse. The
data were recorded automatically and stored in an HP 1000 compyter for
processing. Between 240-800 nm, the data were recorded at intapyala of
1 nm; between B00-2500 nm they were recorded every 4 mm, The use of
automated data acquisition also permitted the base line and 100§ 1ine of
the spectrophotometer to be recorded, and the optical constants of the
guartz substrates to be stored, Since the derived wvalues gpg quite
sensitive to ralatively amall variations in the measured optiss) quanti-
tles, a smoothing routine was used to reduce Irregularities in the
data. The Film used Por optiecal analysis was alsp used Subﬂﬂqugntlj for
A=pay diffraction., X-ray diffraction analysis was performed on 5 Rigaku
A-ray diffractometer with rotating anode (Model Ru-200V) using Cu-K
radiation at 40 kV and 100/mA.
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The asamples [or electron-microscopy (TEM) were deposlted cn carbon-
coated (- 100A) nickel grids. Electron mlcroscopy measuremenls were
done on a JEOL electron microscope (Model No. JEOL 100 CX TEMSCAN).

XPS measurements were made using a Perkin-Elmer/Phyaleal Elee-
tronios Model 550 ESCA system with a base pressure of Sxin"u borr. The
data were obtalned using MgKe radiation; they were recorded in the N(E)
mode and were corrected for inelastle back =scatbering Eo obtain a more
acourate fit of the integral spectra. Curve fitting of the In 3dg /3, Sn
3d532 and 0 13 core speoctra was accompllshed using a welghted-least-
squares fit of Caussian function to the data by means of stepwise Gauss-
Newton [teratlons. Areas under the indlvidual ecomponents were Lhen
calculated to determine the ratios of In3'/In® and $n%+f$n° Conversion
electron M8sabauer spectroscopy (CEMS) (¥) was also performed on varlous
samples. Comparison of the emission spectra of these yields information
regarding the charge state of the 1W3sn,

A1l of the above analyses except CEMS wWere carried out on films
from every deposition, and after each heat treatment. The latter was
performed in forming gas, using a carbon strip heater, The temperature
rose Eto the pre-determined value in less than thirty seconds. The
analyses were performed on the [llms after heating at 200, 250, 300,
350, 400°¢, for five minutes, and on films not subjeected to any Heating.

Results

In Figas. 1 and 2, we summarlize the results of the Hall measure-
ments. Flgures la-e show the effects of anneallng on the moollity of
films deposited at different partlial pressures of oxygen. In all five
pcases, data for the two rates are given; the uncertainty in the mobllity
measurement is estimated Lo be approximately 1 umEﬂ'1s'1. Figures 2a-e
show the effects of anneallng and oxygen partial pressure on the free
carprier deanslity. The maln feature Tor the oxygen rich Films is the risa
of carrler denslity and fall in moblllity for an annealing temperature of
arocund 2509V, possibly suggestive of a common cause. Of secondary
importance I8 the influence of the rate of deposition and its intérac-
tion with the oxygen partlal pressure. The carrier density ls always
greater for the faatér rate but the mobility has ‘a cross-over somewhers
between 1-2x1072 tarr. This suggests that the oxygen has at least two
rales; we shall discoas this later. Figure 3 shows another representa-

tion of the electrical data of unannealed fllma. For the oxygen defl-
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cient fllms, the mobllity shows an opposlte trend with increaaing an-
nealing temperature. That is, it starts low (-4-7 er® ¥~ 157!} and
fialshes at a level comparable with that of the annealed oxygen rleh
‘Eilms. Tne general features of this are that the optimum mobility

goours at an oxygen partial pressure of about 1.<:|r.rx1u'f’ torr: the
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Fig. 3: Carrier mobility and concentration and resistivity against
partial pressure of oxygen for as—-deposited films.

carrler concentratlon decreases monotonically with lncreasing oxygen;
and the minimum resistivity Is about 6.25x1077 g-cm for an oxygen
partlal pressure in the range 0.25-1 .EH:J:{TD_S torr. Flgure 3 zlso makes
Ehe point that mobility continues to decrease with inereasing PU . From
Ehe point of vlew of the reslativity, the lowest value agtually achieved
{in the as-deposited case) was 6.1x107% q cm, for Py = 0.25%10™2 torr.
This, of course, is not the only critericn of relevanie in the deaign of
& Window-layer which also has an aective role in the junetion formation
of" s35lar eelis, and as an AR eoating. Clearly, it 13 a pre~requisite
that the ITO be as non-absorbing and free of disperslon as possible;
these considerations would dictate the chofce of a hlgher axygen partlal
pressure, However, 1t would appear that there Is alse a gradual
Inerease with time of the resistivity of films deposited at high values
af P':'z' Hence, it may be deslreable to sacrlfice some of the benefits
Of low dlspersion and, with appropriate adjustment of the AR coating
design, use lower values of FGE. Figures Yda-g¢ show the disperslon of

“he real part of the refractive index for three representative values of
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Fig. 6 a-r:
spectra at various stages of
annealing Tor a representative

X-ray diffraction

film: Fig. 6-f is the speoctrum
for 1:1203 powder.
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Fig. T: Transmisslon electron
micrographsa and electron
diffraction patterns for a
typical film at  different
atages of annealing.
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Table I: XPS Elemental Survey

Fap Rate KIn KSH xo
0.25 0.4 39,20 2.34 8. 42
0.25 0.8 36.96 2.34 60.70
1.0 0.4 38.12 2.20 59.68
1.0 0.8 38.10 2.26 59,64
2.0 0.4 38.14 2.28 59.58
2.0 0.8 368.02 2.34 59.64
3.0 0.4 36.96 2.34 60.78
3.0 0.8 37.36 2.30 60,44

Theoretical wvalues
based on Iny0 + 9%/0 Sn0, 37.95 1.71 60. 34
Theoretigal values
based on Iny0y + 12.5 "/o Sn0p  37.21 2.33 60.47
Table II: XPS Analysis of Annealing Data

pressure (torr) Anneal Temp (°C) sn**/sne In3*/Ine

RT 2.05 2.30

200 3.32 2.27

0.25x%1072 250 3.37 2.53

(0.4 A3 1) 300 3,42 2.64

350 3.51 2.T5

RT 3.03 2.64

200 3.26 2.60

2. 0x10°2 250 3.53 2.50

(0. 4% a7 1) 300 3.57 2.53

350 3.,5C 2.52
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Po. and after each anneallng perlod. Figures Sa-o show the equivalsnt

data Tor the imaginary part of the refrdctive index. As with the elec-
trical data, there are no major changes until an annealing temperature
of 250°C is reached. Also, at higher values of PDE the dlapersion of
poth N and k becomes minimal ,

The X-ray diffractlon data showed Cthat the filmas were quasi-
amorphous before annealing buf began to show aignifiecant structure aftep
anneallng at 250°C or above. In fact, above 300°C there was usually
some losa of structure. In Figures fa-e we show one set of data fllus-
tratlng these oabservatlons. Diffractlion was also performad on a powder
sample of In,0; (Figure 6f). Since the particle sfize of this was typi-
cally of the order of 1 pm, 1t was used as a reference from which the
grain sizes in the Films ¢ould be estimated. It should be noted that
the only peaks observed in the diffractlon spectra of the filma, corpe-
sponded to those in the In203 powder spectrum; no peaks corresponding to
various poasible Sn/0 compounds were found although their absence does
not praciude their existence. Since the films were extremely thin, the
volume of the Sn/0 compounds would have been wery small and not more
than 9m/o of the total (the compositlon of the target). Henee sueh
small quantities may have been below the level of detection of the X-ray

equipment. We 3hall return to this point.

Transmission electron micrographs and the corresponding diffraction
patterns are shown in Fig. 7 for a film deposited at Py = 3%1072 torr
at several stages of anneallng. These were entirely typlcal of flilms
deposited at the other oxygen partlal pressures; the key feature being
the pronounced recrystalllzation between 25ﬁ*3ﬂﬂ“¢+

Tihe XP3 data have also been useful in elarifying this aspect.
Table | shows the elemental survey of In, Sn and O, expressed in atomlc
percertages. The data at each oxygen partlal pressure have been
averaged from the XPS surveys of that film after each annealing step;
since it was found that the latter had no systematlc effeot on the
compositions, Also shown are the theoretical estimates of the atomic
compositions based on the target composition; nominally 91 m/o Iny04:9
qfn Snﬂz. However, it can be seen that the observed tin concentration
was somewWwhab greater than that caleulated, thus lmplying enrlchment of
the target., Therefore, an estimate of the probable proportion of tin
Has made and this corresponded to 12.5 m/o Snl,. The theoretical values
of the atomic concentrations of indium and oxyzen have been re-
ealculated on this basis.
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It can be seen that the thesretleoal and obaerved nampaaltibnﬁ agree
for an oxygen partial pressure of 31-:1&‘5 torr. In' general, the lowenr
pressure and/or laster rates gave oxygen deficient rilms. Table II
shows the ratios of Sr_nu‘;E-n“ and In3"/In® as a function of annealing
temperature measured by ¥PS, for a high and a loWw pressure oxygen
sample. The key point s that the ratios both Lnerease for Lhe low

oxygen film and show little or no change for the high partlal pressure.

Studiea’ of "the chemieal compositien have also been made using

Mossbauer spectroscopy. This technique ls capable of distingulisning
whether the tin Iln the film appears as sn®* or Sat'. In the present
i+

cage we have obtalned a =ignal only from Sn evan after a very pro-
longed perlod of spectrum accumulation using a relatively thick sample

(3500 A) as shown in Fig. B,

N2572 I-119 as deposited a)
1 Sn*

1.040

1.000
E N2612 1-119 300° C for 5 min b)
2
£
@ 1.040
=
=
ai ]
= 1.000

1.034+

1.000

Velocity (mm/sec)

Fig. B: Conversion Electron Mossbauer Spectrosocpy (CEMS) data [llus-
trating the presence of only Sn * in the ion-beam deposited Film I-119
(Fig. a_and b). _Figure ¢ is provided te illustrate a spectrum where
both $I'4|;.'“'r and Sn2' are presert (This ITO rilm prepared by reactive RF
sputtering).
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Discusalion

i} Structure and Composition.

There appeared to be no crystallinity evident in the films until
they had been annealed in forming gas for five minutes at 250°C. The
first evidence of crystallinity was a small, relatively wide, InEG3
<hgo>  peak. With progressive anneallng, this grew in height. and
decreased "in half-width indieating increased orientation and grain
aize., The half width of the <Y00> peak for the 1| pm slze powder shown
in Flg. 6f, 15 actually greater than that of the correspondling peak for
£ilms annealed at 300°C or greater. Hence, the estimated grain slze of
these Cllms (using the Debye-3cherrer formula) is 1.5-2.0 uym. It should
be noted that the <222> and <UH0> peaks of Fig. 6f were observed to be
of very low intensity in the film spectra indicating a strong <k00>
preferred orientation, No peaks ocorresponding to the expected Sn/0
phases were found for these films of approximately 650 A thlckness. The
only difference between these and Pilma of about 3500 A thickness, was
that the latter showed & much stronger <222> orlentatlon. However, once
again, no S5n/0 phases were found. The <H00> preferred orientation for
the thin fiims i{s distinot from the observations of other workers (10)
and maybe a consequence of the annealing schedule or the relatively low
film thickneas. The TEM data also show that the as-deposited [ilms are
essentially amorphous although micro-crystalline may be a better
desoriptien. After annealing at EEGDC, eircular grystallitves of about
2500 A can be seen against the amorphous background and the diffraction
pattern showed spota on diffuse rings. At 390°C widespread grain growth
haa taken place and the diffuse diffraction rings have disappeared. The
grain size can be sesn to be about 1.0=2.0 pm, in agreement with the X-
ray diffraction data. No lurther grain growth or increass in preferred

orlentatlon oceurred at higher annealing temperatures.

Flgure § shows graphically the XPS data of Table II. Thia refers
to the change In the ratio (R) of the area under the peak assoclated
with the sn**
tion of anneallng temperature. A similar, although smaller, change was

atate, to that associated with the Sn® state, as a funo-

found for the In3*/In® states. The effect was greatest for films
deposited at a low partial pressure of oxygen and since It 1s known from

the gquantitative elemental survey that the absolute concentrations of
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Fig. 9: Ratlo of sn"" to Sn® against anne¢aling temperature for high and
low partial preasure of oxygen, obtained from XPS data.

5n, In and 0 do not change with annealing, !t seems clear that a redis-
tribution of the oxygen takes place, One possible explanation is that
the film as a whole consiats mainly of In203. In2O3 with oxygen
vacanoies ”“2’33-3-:'- and both of these species in relatively close
proximity to bonded o unbonded Sn atoas. With amnealing, it is
possible that oxygen redistributes, particularly from graln boundaries,
and causes compensation of the oxygen vacancies, together with allowing
graln growth. In addition, it ia possible that most of the Sn atoms
become 'activated' so that they dope the .lnzl‘.‘I3 substitutionally. Hence
the overall effect wlll be an improvement in the order of the film and
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? Increase in the electrical activity of the tin. The ﬂr.a from
mr spectroscopy shows that there is only evidehce of En without
?‘; ﬂﬂz' This would be conslstent with the above model and with the X-
p.;' data showing the absence of Sn/0 compounds l.e., the Sn (s never
assoclated with oxygen alone; It is always ln the presence of both In
_.u oxygen, 30 Its charge state is unchanged with the addition of an
.;I;ﬁ oxygen atom although a more ordered 11:203:5:1 s formed. We shall
‘refer to the structural model again in the context of the electrical and
::gi_‘ﬁ_l‘.lﬂl changes which occur with annealing.

b
~I1) Eleotrlical properties.

it In this section we shall first discuss the expected carrier concen-
 trations for annealed and unannealed films. We shall then consider the

_ expected mobilities and the factors which limit mobility.

:" The target itself consists of (1-x) moles of In,0, and x moles of
'SnD,. When the target 1s sputtered not all of its oxygen is necessarily
. ,me‘ﬂe& in the film which will therefore be oxygen deficlent unless
o ar ';?idd.'lt!‘.unnl supply is avallable from the sputtering gas. Assuming,
Fﬁr the moment, that this (s so, then the film composition may be
 expected to be similar to that of the target. With anneallng, however,
'We assume that the tin substitutes for indlum and acts as a singly
‘fonlzed donor. Therefore films deposited in a partial pressure of
~oxygen Such ﬂut stolchiometric gralns are formed, will have a low
;Qlﬂ"l"ll'l" concentration before annealing because there will be no oxygen
Emmoiea, only partially activated (i.e., substitutional) Sn, plua
wﬂ.er trapping by excess oxygen at grain boundarles. After anneallng,
.and compiete activation of all the Sn, it would be possible in principle
to achieve a carrier concentration of 3.5 x 1020 ca™3 (based on the XpS

which indicated 2.3 %0 Sn).

Fillms depoalited at a low partial pressure of oxygen e&xnibit a such
"?ﬁllhlr zarrier density before ammealing than those described above
~ bacause of there being 4 significant comcentration, up to 2 /o, of
~ Oxygen vacancles, plus the possible contribution from partially
~ agtivated Sn. It is also probable that Some oxygen reaides at grain
_' ‘boundaries where it may act as a carrier trap. Upon anneallng, and the
'| .,ml of the effects grain boundary oxygen, the latter (a3 redistrl-
. buted throughout the film, the density of oxygen vacancies is reduced,
H:l tln §is further activated, and graln growth takes place. The net
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effept of all this is a better ordered film with an increase in carrier
density. Films deposited at a high partial pressure of oxygen exhiblt a
relatively low carrier density before annealing because of extensive
carrler trapping at the graln boundarlies by excess oxygen. The carriep
concentration in thia case ia due mainly to the partially activated
Sn. Upon annealing, the excess oxXygen at the graln boundaries is
removed (i.e., either redistributed througout The [ilm or removed oom-
pletely Ffrom Lt} grain growth oeccurs, and the Sn 1s activated more
completely. The increase in fhe ecarrier concentratlon ls therefore due
to a reduction in the carrler trapping and the addded sonbributlion of
substitutional Sn. On the basis of the above arguments-and the model of
oxygen radistribution the maximum carrier coneentration podsible would
be 3.6x10%%m 3 (due to the substitutional Sn) plus 3x10°9 em™3 (per
atomic percent of doubly fonized oxygen vacancies). Hence, for a film
with 1 %0 vacancies (l.e., Py = 1x107° torr) we expect the maximum
carrier density to be 6.6x10°% om™3, ‘and for 2 %o (i.e., 0.25x107°
toerr), 1t would be Q.Ex;UEG 0nf3. These estimates agreé extremaly well
with our observation. Figure 10 shows a plot of in (carrier density) vs
1/T, where T, Is the annealing temperature. ThLP gave an activation

‘energy of about 0.3 e¥ (0.13 k cal muleiai similar to that reported by

Hoffman et al (11).  Since this value [s far lower than that of the hedt
of Tormation of 5n0,, Snd or Inzﬂ3. the above activation energy may be
that asapeoiated with +the diffusifon of oxygen through the rllm to
complete the I“EGB: Sn lattlce. '

We ahall now consider the variation of mobility with annealing and
oxygen partial pressure, In Eerma of the oxygen re-distrihition and
evolution model. Firstly, theose frilms in which the gralns (or
mioroerystallites) conslst of near stolchiometric material "will have
thelr mobillty limited by grain boundarlss plus any scatterlng due to
excess oxygen residing there. With annealing and the elimination of the
latter mechanlsms, the mobility becomes limited by the relatively large
concentration of activated tin plus any remaining vacancies. The net
effect 15 a reduction In mobllity thus Implying the dominance of lonized

an. This argument also applies to films deposited at higher partial
pressures.

The moblllty of films deposited with a deflelency of oxygen in the
grains is limited, before annealing, by grain boundary éuattariﬁg, by

scattering due Lo oxygen vacanclies and such actlve Sn as exiats before
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. 1 T 500

_-f-,'_i'ﬁ. 10: Arhenius plot of carrier density; activation energy = 0.42 eV.

annealing. When the films are annealed the grain boundary mechanism is
‘eliminated but the vacancles are now only partially eliminated and
;ﬁ't.lnulaﬂj tha larger conti/ibution from oxygen vacancies. These two
‘mechanisas now more than counteract the additional scattering dus to the
more completely activated Sn, so that the net effect is an lnmn in
;thilltg. We shall now examine these mechanalms seml-quantitatively.
'ﬁ.ra.ln boundary scattering limited mobility can be expressed by (i)

Lo el o
“l nu'l.' exp (=& KT) {1}

¥, - ;._'?i._;fn

: 2wm K

. For stoichiometric films wnere the only additional seattering mechanism
 Would be expected to be due to the relatively small quantity of active
| Sn, this equation should apply. Equation (1) exnibits a muximum ab a
- temperature T, = E-"- {K). Although we have observed that the mobility
48 virtually independant of temperature, there is slight evidence of a
broad maximus around T-T0K (although the data are by no means suffi-
clently convineing to plot tn uT2 - 1/T) which would lmply ¢= 0.007
e¥. The magnification used in the electron mlcroscopy was 50,000 3o
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that the lower 1limit of resclvable feature size 1s about 100 4. Stineca
no features as large as this can be resolved we conelude that the'
average slze of the microcrystallites must be substantially lesa, Hence
we conelude that graln boundary scatterlng s aimost certalnly at least
partly reaponsible for limiting the mobility of uannealed filma. From
optical measurements (see next section) we know that m® = 0.0 Mys SO
that taking ¢ = 0.007 eV and d = 100 R, we can. calculate that the
maximum mobility conslstent with graln boundary scatterlng Is about 110
em2V 's™!, If we assume, however, that d = 30 A (comparable with the
mean free path) then y., = 35 em® ¥ '8 '; a value which would severely
limit the total mobility.

Filma deposited at an exceasive pressurs of oxygzen, wWill alao
contaln neutral oxygen In quantltles which could affect the moblllity
adversely (as well as acting as trapping centera).

Erginsoy: (12) has shown that the neutral impurity scattering
mobllity would be given by

. 313 miIF 23
Ky = e ey - (2]
Eﬁaacrnﬂn

with g baing the density of neutral impurlity atoms. For example usling
values of m = 0.4 me and e. = 4,00 (see Sectlion (L11) of Discussion) we
find that u, = 45 omv Vs~ ! pop ng = kx10°Y em™3.  Hence for systems
such as ITO which may wWell have a very large denaity of neutral Impurl-
ties, the latter would be expected to reduce the mobility significantly
aven though the mechanlsm was Clirat formulated- in the context of low

temperature effects.

Films deposited In a relatlvely low partial preasure of oxygen will
aexhiblt acatterlng by the doubly Ilonized vacancies. At adnnegling
temperatures greater than 200°C, the earrier density increases sharply
because of tin activation. Hence these an species can be expected to

‘act as lonlzed scattering centers. For a degenerate semiconductor, the

mobility, as defined by fonized lmpurity scattering is given by {(13)

i 2
ih Ecoeri n

- (3)
+
151253 m Ef{xlnl

whare =
L fye. 0, dn
e and x = % [E} E~;;~}LE']

fix) = an{i*x) = 13
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If we assume, for example, doubly lonized oxygen vacancies (1), then n =
2ny and the dependence of yy on n; is contained in the expression for
£(x). If we use g.= and m" = 0.4 mg, then x=4,081x1071% n'/3 (n
measured in m ) and

_ 0.3290 x 10"
Hy Tix)

e.g., for n=6x1028 m 3, . = 0.00041 WPy 187! t.e., 4.1 onPyvTls7
Hence, the three mechanisms limiting the mobllity Ln these films
are;
1) Graln (or microcrystallite) boundary scattering.
i{i) Neutral impurity (Sn) scattering.

{11) Tonized impurity scattering (Sn*" and v 2").

In Table III, we show the relative magnitudes for each of these. The
‘total number of Sn atoms is taken as Ux10%° cm3; equivalent to 2.3 /o
Sn. That is ng + n; = 4x10%0 cm™3. Mobilities are caleulated for three
different concentrations of oxygen defects.

Table III: Calculated Moblllitles

an = Y+, 0
. ¥y s u Msn. Hsn,gb
(%1020 x1020

{¢£'39 (em?y s~y em™3) ﬁqmz?’Ta'1} lcnzi_Taf‘} {a¢2v713'}]

: - N §5 45 20
1 11.6 3 60 5 ’
-4 TtT 2 90 7 6
3 6.1 1 180 : S
i 5.3 0 " . -
Mgb - 3502 VY | v E 8 - 3 00nd v-Ta]

‘ ;'vu (130) =4.50c0%y s by, (3%0) = 2.4 n? v 57
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Uaing the table, it is ﬁoasiblu to demonatrate that the trenda of
the moblllity with annealing are correct,but the absolute magnltudes are
generally too low., This Is not uncommon in modelling mobility, parti-
cularly In aituatlions where hlgh impurity concentrations are lnvolved;
the reason given usually involving charge scréening of the scaitering
centers. Hence, in this case, we conciude that the scattering power of
the ifonized Sn and oxygen vacanclies is not as great as predicted using
equations 2 and 3. 1In practles, all films tended to a value of about
10-14 cmEV‘1;-1 after annealing, irrespective of the f{nitial oxygen
partial pressure, as predicted.

iii) Optisal Propertias

Firatly, we shall examine the data conecerned with the optleal
analyses and Iln particular concentrate op the regions near the funda-
mental edge and the plasma edge. We have previously processed data near
the plasma edge for films deposited on boresilicate glats substrates (8)
using the Drude theory and the films discussed here behave very simi-
larly. The baslec relatlonshlps used are:

ne

L 2
g =[N = ik) --E_'—_;—E——' (u)
e,m (w -ult)
# T it
from wnich we have L - (5)
2
where e S A ,nE : (&)
® 2 2
elm  [w+1/y)
o
ne”
and e'' = 2Nk = + (1)
2
e m wilw *1/1)
o
Henee, by combining equations & and 7 we can obtain
Ehimie = ety (8)

Thus, a plot of ' against we'' should be a straight line (at least In
that part of the spectrum where free electron absorpticn Is evident) of
slope 1. All the above symbols are defined i{n the nomenclature. The
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plasma frequency is defined as the point at which ¢' = 0 and, since w >>
1/t, this can be obtained from equation 6, viz.

2
R
ﬂ_eﬂm 4
Hence ST T ) (9)
E €M (0 H/17)
mz
or R (10)
w /T

30 that having obtained t we can plot ¢' against Emz + 1#12}'} to obtaln
a straight line of intercept equal to e, and slope = *znmpz; In
general, fllms whlch had elther bsen deposited at low values of Puz or
had been annealed at 250°C and above, showed a very pronounced decrease
in ¢' although on no ocecasion did e' become negative. Thls may be due
to the films being far less in t.hic}_tﬁ'maa than the typical skin-depth at
these frequencies, i.e., & = EH%E ‘= fym and i = 1.5 pm) whereas the
typical film thickness was substantially less than 0.1 uym. However, we
have plotted several sets of data and derived values of W from which we
have .also been able to estimate m . Flgures 11 and 12 show the above
plots, from which we derive 1 = E-B':I:'IEI-‘E 880., wp = 5.31{10}”5&&.-", €.
- 4,004, @* = 0.30 m, (for this Pilm n = 1.5x10%%m"3). As the
annealing temperature was increased, there appeared to be & tendency for
m" to increase {m* = 0.54 m, at 300°C, m = 0.72 mg at L00°C); however
there was substantial scatter in the data and these results wmust be
treated cautioualy. Work is presently in progress to analyze the
behavior of much thicker ITO films where the skin depth restriction is
no longer problematic. However, in general the films appear to behave
similarly to those of other workers, the origin of the relatively low
mobilities being the main point of interest. Some information about
scattering processes can be obtalned from the varlation of the absorp-
tion coefficient with wavelength in the near IR. In Fig. 13 we show a
plot of log o against log A which exhibits good llnearity over the range
0.9 - 2 ym. The lndex of ) depends on the particular film studied and
its annealing temperaturs, but was generally greater than 3.0. This Is
taken to be indlcative of scattering by lonized lmpurities (14) although
it should be noted that the index changes considerably outslide the
specified wavelength range. This s probably indicative of other
seattering mechanisms. However, the conclusion that impurities are
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Fig. 11: Real Part of permittivity against we'' (see text for detaila)

Fig. 12: Real Part of permittivity against (w® + Y2)™'. ‘This plot
yields effective mass and e_.

Fig. 13: Log of absorption coefficient against log wavelength. The
index of 3.43 Is indicative of lonlzed lmpurity scattering. "

respongible for the limited mobillitles 1s In agreement with the work of
Hamberg et al (2). Only those films which showed a pronounceéd decrease
ine" (i.e., a plasma edge) showed log o proportional to K log i (with K
» 3.0). Those fillms which had been deposited at F'DZ b 1::'.1&_5 torr and
which had not been annealed at 250°C or greater, had very low absorption
coafficients up to 2.5 um,- and did not econform to this behavicr., Since
these also exhibited no minimum in ' (i.e., no free alectron absorption
effects) 1t fa reasonable to suppose a common cauwse, i.e., ilonized
impurities, are responsible for the increase in carrier density and for
near IR optical scattering (as also demonatrated by elesctrical

measurements). Near the fundamental edge we, as many other groups,
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observe that the optical gap inereases in direct proportion to n’3,
£.6., the Moss-Burstein shift. In Fig. 14, we show the variation for
I ﬁ]: the films after each of the annealing steps. Although there is a
~ very substantial scatter of the data, the correlation coeffioient of 0.8
~ is rather convincing, The reduced effective mass based on the
~ aggregated data ism,, = 0.38 m,. It {s interesting that if we consider
individual films deposited at different values of P, and different
E&u. the correlation coefficleats are generally 0.95 or greater, even
though there were only six data polnts per film. Typically, ihe values
of B,, lay in the range (0.3-0.4) m, although one film (the data from
~ which showed extremely large scatter) showed m, = 0.62 m_. As with the
~ effective mass, the intercepts on the energy axis, corresponding to the
ﬁtﬂupid semiconductor, lay in a relatively amall range between 3.55-3.75
eV (which agrees with the findings of other groupa) implying that the
fundamental material ls Iny03 (Ego = 3.75 V).

lhl L3 L) L L] L = L}
u W boew P Wmemmes .
» a3 a8 i .
@ IS o8 ™
» 1LBO [ T] - - w --'
dish = 180 A8 = . i
- 100 04 . s
- % 4 100 OB . "
g s 300 0d |
« 200 08 2
E. snatg ¥ ' =
ATpTasie Slope = 5290 (' » 0 m) _
\ Eterpepl « 1781 oW
e R E—
o () =

Fig. 14: Optical gap as a function of free carrier density.

In our c¢ase, we have determined the enérgy of the direst transi-
tiona from plots of {qhu}z- = hv. These plots ware llnear only over a
comparatively limlited range of about 0.5 e¥ and so significant errors
may have arisen in the extrapolation of the linsar portions to the hy
axis. We belleve that this may be responsible for much of the scatter
in the Mcss-Burstein plots. Nevertheless, the values of a" and Eg, are
in excellent agreement with those reported elsewhere (see, for example
the review by Chopra (1)). We do not have any convincing evidence to
support the data of Ohaha et al (15) that the value of m,, (l.e., the
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values of m Inferred from the Moss=-Burstein data) is at all different
from that of the free electrons (i.e., the values inferred from the data
near the plasma edge). Thus, we do not need to lnovoke the conceph of a
negative effective mass being assoeiabed with the valence band (15).
Nor do Wwe nead Lo invoke elactron/electron scattering as usad by Hamberg
et al (3) to remove the latter requirement. It is merely necessary to
assume m, Is too large to have any LInfluence on the reduced eflective

_ X W
mass, m,., sincem, =m .

iv} Coneluslions

The prineipal econclusicns which can be drawn fram thls work are as
follows;

1) Although the sputtering targ&t consists of mixed oxides aof ineﬂj
and Snua. there is no evidence Tor any Sn/0 phases in the films, before
or after annealing. Eurbhermnre the Sn !s never found in the 3n¢* state
but only exlsts as Sn"‘ e Sn.

2) Recrystallization of the films occurs when they are annealed in
Forming gas at 250°C or greater. Also, they have a <400> preferred
orientatlon.

3) The carrler mobillty is limited by several mechanisms the rela-
tive effects of each being dependent on the partial pressure of oxygen
and the extent of annealling.

4} The carrler denslty is limited by trapping at grain boundaries,
the electrical =zotivity of the Sn, and the tolerable level of oxygen

vacanaies,

5) Annealing causes a redistribution of oxygen within the films
which leads to improved composition and structure, plus an lnorease in
the Sn astlvity.

6) For unannealed films the lower limit in resistivity fa 6.25 x
10_’“ R cm, and for annealed fllms it s 1.66x107" p cm, It may be
possible to Pgduc& these wvalues il the strong interdependence of
mobllity and earrier density could be reduced.
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&1 For films deposited at low partlal pressures of oxyvzen or, in
,;mmrnl annealed films, free electron effects always cause a plasma
1 ”;a‘tisforptidn edge in the nearn I.R. The effective mass of the charge
‘. carriers is about 0.4 m, as cal_cul_at_e,d from the Drude model.

9) & shift of the fundamental optical gap ocours dus to conduction
band degeneracy. Analyzing the shift in terms of the Moss-Burstein
. model again implies a reduced effective mass of about 0.4 Hg.

i : um.smmr. Keith Emer-:.r and Lgnn thuliru; for automated data -aagquisi-
_ lﬂ,!m and spectrophotometry,

"1l
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Symbol List

PDE o4ygen partial pressure (torr)

Mg ' mobillty due to graln boundary scattering {em® Vv 's™!)

g pre-exponentlial factor Ln expression for graln boundary mobility
(om® w1571 k%), or neutral impurity 1imited mobility (ca?
viisTl

T abgolute temperature (K)

K Boltzmann's constant (eV K1)

graln (microcrystalllte) size (ecm)
effective carrier mass (gm)

m free electron mass (gm)

Eg permittivity of free space (farad m )
£n relative permitivity

Ny density of neutral Impurity atoms (em™3 )

. Planck's constant (eV s)

: carrler density (em 3)

ny density of ionized impurity atoms (em 3)

m lonized fmpurity limited mobility (om? vigTl

Tann anneal ing temperature (K)

real part of refractive index

imaginary part of refractive index

film mobility due to all scatlering mechanisms l'.‘-f.::m'2 ‘J"! 3:"{:'
wavelength (nm)

sheet resistance (Q per o)

= 2ry = angular frequency (s )

plasma frequency (3 )

electron relaxatlon time (s)

T, high frequency permitivity

' -e'. real part of permitivity

ik imaginary part of permitivity

& - [%] * = skin depth (em)

e, reduced effective mass (gm)

- Yrg

graln boundary potentlal barrier (eV)



